We have isolated a recombinant clone harboring the chromosomal aroC gene, encoding chorismate synthase, from Vrbrio anguiUarum 775 by complementation of the Escherichia coli aroC mutant AB2849 which was transfected with a cosmid gene bank of the plasmidless V. anguiUarum H775-3 Vbrio anguillarum is an important fish pathogen which causes a highly fatal hemorrhagic septicemic disease in salmonid fish (10). One important component of the virulence of V. anguillarum 775 is the iron uptake system encoded by the 65-kb pJM1 plasmid. This system consists of the siderophore anguibactin and a specific iron transport system that includes a membrane receptor for the ferric iron-anguibactin complex (2, 3, 11-13, 18, 20).
Vbrio anguillarum is an important fish pathogen which causes a highly fatal hemorrhagic septicemic disease in salmonid fish (10) . One important component of the virulence of V. anguillarum 775 is the iron uptake system encoded by the 65-kb pJM1 plasmid. This system consists of the siderophore anguibactin and a specific iron transport system that includes a membrane receptor for the ferric iron-anguibactin complex (2, 3, 11-13, 18, 20) .
Anguibactin has been purified from culture supernatant of V. anguillarum 775 (1) and identified as o-N-hydroxy-w [[2'-(2",3"-dihydroxy-phenyl) thiazolin-4'-yl]-carboxy]histamine (18) . The molecule of anguibactin possesses a 2,3-dihydroxybenzoic acid (2,3-DHBA) moiety, a compound that in V. anguillarum is produced independently of the presence of the pJM1 plasmid (1) . The biosynthetic pathway for anguibactin in V. anguillarum is still unknown. However, since the aroC gene encoding chorismate synthase, which catalyzes the conversion of 5-enolpyruvylshikimate 3-phosphate to chorismic acid, is a central precursor for aromatic compound biosynthesis, including that of 2,3-DHBA (42), we cloned and sequenced this gene from V. anguillarum to identify whether the chromosome-mediated 2,3-DHBA is a precursor for anguibactin biosynthesis. The aroC gene has also been cloned and characterized from Escherichia coli, Bacillus subtilis, Neurospora crassa, and Salmonella typhi (9, 22, 43) and from the higher plant Corydalis s,empervirens (30) . In this study, we generated a 2,3-DHBAdeficient mutant of V. anguillarum by inserting an antibiotic resistance gene cassette, interrupting the cloned aroC gene. Analysis of the V. anguillarum aroC mutant demonstrated that it was impaired in the biosynthesis of anguibactin. This deficiency could be complemented by the cloned aroC gene, showing that the chromosome-mediated 2,3-DHBA is a pre- Construction of a cosmid gene bank and transductions. A cosmid gene bank of HindlIl-cleaved V anguillanum H775-3 genomic DNA was constructed by using the cosmid vector pVK102 (37) . Transduction of the E. coli aroC mutant AB2849 with the gene bank was performed as previously described (37) .
In vitro transcription-translation and sequencing analysis.
In vitro transcription-translation was performed by following the supplier's recommendation with a prokaryotic DNA-directed translation kit from Amersham (Arlington Heights, Ill.). The labeled protein products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12.5% polyacrylamide) (2 Fig. 1) . A 4.2-kb EcoRI fragment of pQC2.2 was cloned into the incompatibility P vector pVK100. The resulting plasmid pQC2.3 was introduced into V. anguillarum 531A by conjugation as described previously (35) . Then, plasmid pQC2.3 was segregated by the introduction of plasmid pPHlJI and selection on TSAS plates containing Gm and Km. Gmr and Kmr colonies were further screened by using two sets of TSAS plates. One set contained Km and Gm, and the other contained Tc. Those colonies that had a Gmr Kmr Tcs phenotype were selected for further analysis.
Arnow test and bioassay. The Arnow test was used to determine the amount of extracellular phenolic compounds such as 2,3-DHBA (4). The presence of 2,3-DHBA was also determined by a bioassay using the enb7 strain of Salmonella typhimurium LT-2 deficient in the biosynthesis of 2,3-DHBA and enterobactin. The bioassay was carried out as described previously (21) .
Bioassays for detection of siderophore activity. The siderophore activity was detected by testing the abilities of (27) . The putative strains were -35 element from positions 531 to 536 has 83.3% identity with 50 p, M FeCl3 the -35 consensus sequences (27) . Two sequences close to the as described consensus E. coli ribosome binding sites GGAGG (31) were 1 GATATCTCAA CCGACGCACT GCAAGTGGCA GAGCAAAATA TTCAAGATCA CGGTATGGAG CAACAAGTTT   71 TCCCGATCCG TTCCGATCTA TTCCGTGATT TGCCAAAAGA GAAATATGAC TTAATCGTGT OGAATCCACC   141 TTATGGGAT CAAG&AGATA TGAATAGTTT GCCCAAAGAG TTCAAACATG AACCAGAACT CGGCTTAGCG   211 CCGGTACCGA TGGTTTGAAA TTGGTGCGTC GTATTTTGGC CAATGCGGCG GGGTATCTCA CCGATAACGG   281 TATTTTGATC TGTGAAGTGG GCAATTCGAT GGTGCATATG ATGACCRAT ACGACCACAT TCCGTTTACT   351 TGGCTTQGT TTGAAAATGG CGGGCATGGC GTATTCATGC TGACTCGCCQ GCQGTTGGTT GATTGCGCTA   421 GCGWCTTTGC GCTTTATATC GACTAATGCC GTACGCACAA TAAAAACGCC AGCCACAGTG found at positions 579 to 586 and 624 to 628. The SalI site used fragment including the Kmr cassette from plasmid pUC4K was to construct the aroC insertion mutant, as shown in Fig. 1, was inserted into the Sall site of plasmid pQC2.1 obtaining located 112 bp downstream from the first possible start codon pQC2.2. A deletion derivative, pQC4, was also generated by of the open reading frame (Fig. 2) .
cloning the ClaI-EcoRI fragment from pQC2 into plasmid
The sequences of the V anguillarum aroC gene and other pBR325 (Fig. 1) . The polypeptide encoded by the aroC aroC genes were compared for homology. Figure 3 shows the recombinants was detected by in vitro transcription-translation comparison of the deduced amino acid sequence of the V and SDS-PAGE (Fig. 4) . The aroC-complementing plasmids anguillarum AroC protein with the E. coli and S. typhi AroC pQC3 and pQC2.1 each produced a 40-kDa polypeptide (Fig. amino acid sequences. There is a 78% identity at the amino 4, lanes 2 and 3), which was correlated with the predicted size acid level, while there is a 68% identity at the nucleotide level from the sequence analysis (Fig. 2 ) and the size of the E. coli in the entire coding region including the upstream region.
aroC product (9) . This polypeptide was absent from the Mutagenesis and polypeptide expression from aroC recomtranscription-translation mixture of the mutants pQC2.2 and binants in vitro. An insertion mutation of the cloned V pQC4 (Fig. 4, lanes 4 and 5) and the control plasmid vector anguillarum aroC gene was constructed in vitro (Fig. 1) . A Sall pBR325 (Fig. 4, lane 1 3 . Alignment of the deduced amino acids encoded by the aroC genes from E. coli, S. typhi, and V anguillarum. *, amino acid residues conserved across all species. EC, E. coli (9); ST, S. typhi (9) ; VA, V. anguillarum (this study).
lost both the ability to complement the E. coli aroC mutant AB2849 to iron uptake proficiency and to grow in M9 minimal medium without the addition of any aromatic compounds (Fig.  1) .
Generation of a V. anguiUlarum aroC mutant. In order to get a 2,3-DHBA-deficient V anguillarum strain, a V. anguillarum chromosomal aroC mutant was isolated by allelic exchange. The EcoRI fragment from plasmid pQC2.2 containing the insertionally inactivated aroC gene was recloned into the cosmid pVK100 to produce recombinant plasmid pQC2.3 ( Fig.  1) . Plasmid pQC2.3 was introduced by conjugation into V anguillarum 531A. We used strain 531A because it has a more active recombination system than strain 775 (37) . The plasmid pQC2.3 was then segregated by the introduction of the incompatible plasmid pPHlJI in the presence of Gm for selection of the incoming plasmid pPHlJI and of Km for selection of the mutant gene. This procedure selects all those bacteria in which the plasmid-carried mutated aroC gene was exchanged into the chromosome by homologous recombination with the wild-type gene. Kmr Gmr colonies were further screened for sensitivity to Tc. Several of the Kmr Gmr Tcs colonies were tested for their abilities to grow in M9 minimal medium without the addition of any aromatic compounds. Like the E. coli aroC mutant, none of them could grow in M9 minimal medium without aromatic compounds ( could be complemented by adding the mixture of aromatic compounds to M9 minimal medium (Table 2 ).
To prove that the correct double crossover recombinational event occurred between pQC2.3 and the chromosome of V anguillarum 531A, one of the mutants, 531A-QC5, was analyzed by Southern blot hybridization by using the 2.4-kb EcoRI-PstI fragment of pQC3 harboring the aroC gene (Fig.  5A ) and the 1.3-kb BamHI fragment of pUC4K harboring the Kmr cassette as probes (Fig. SB) . In the blot probed against the EcoRI-PstI fragment of pQC3, the hybridizing fragment from the aroC mutants pQC2.3 and 531A-QC5 (Fig. 5A , lanes 2 and 4) migrated more slowly than that from the wild-type pQC2.1 and H775-3 (Fig. 5A, lanes 1 and 3) , since the aroC mutants carried the Kmr cassette. In the blot probed with the BamHI fragment of pUC4K, hybridization was detected in only the aroC mutants pQC2.3 and 531A-QC5 (Fig. 5B, lanes 2 and 4) . The upper band in plasmid pQC2.3 (Fig. SB, lane 2) is due to the Kmr gene present in the vector pVK100 (19) . Therefore, these results indicated that a correct allelic exchange between pQC2.3 and the chromosome of V. anguillarum 531A had taken place.
Regulation of transcription of the aroC gene by iron. It is known that the pJM1-encoded genes involved in the biosynthesis and transport of anguibactin in V anguillarum are iron regulated (34) . To investigate whether the chromosomal aroC gene is also regulated by iron, the expression of the V anguillarum aroC transcript was analyzed by Northern blot hybridization. Total RNAs were isolated from V anguillarum strains cultured in M9 minimal medium under iron-limiting or iron-rich conditions. A Northern blot of total RNA was probed with the 420-bp Clal-Sall fragment of pQC3 located within the aroC coding region (Fig. 1) . Figure 6A shows that there are no differences between the levels of the 1.4-kb aroC transcript in V anguillarum H775-3 and 775 strains grown under ironlimiting and iron-rich conditions (compare lane 1 with lane 2 and lane 3 with lane 4), while the aroC transcript was not detected in cells of the V anguillarum aroC mutant 531A-QC5 generated by allelic exchange (Fig. 6A, lane 5) . As a control for iron regulation, the same blot was washed to remove the aroC probe and reprobed with the 5.7-kb EcoRI-PstI fragment harboring the fatA gene which has been shown to be iron regulated (3). The abundant 2.4-kb fatA transcript was detected only under iron-limiting conditions in the plasmidcontaining 775 strain (Fig. 6B, lane 3) . This result suggested that transcription of the V anguillarum aroC gene is not regulated by iron.
Lack of 2,3-DHBA production by the V. anguillarum aroC mutant. To determine whether the aroC mutant is deficient in the production of 2,3-DHBA, the presence of phenolic compounds by the Arnow test and the presence of 2,3-DHBA by bioassays were examined. Cell-free supernatants obtained from cultures of the aroC mutant 531A-QC5 grown in TSBS containing 100 ,uM EDDA were negative by the Arnow test ( Table 2 ), suggesting that this mutant did not produce phenolic compounds. Bioassays determined that this result was due to a deficiency in 2,3-DHBA production. The enb7 mutant strain of S. typhimurium can use both enterobactin and 2,3-DHBA to support its growth under iron-limiting conditions (26) . been shown that V. anguillarum 531A produces both anguibactin and 2,3-DHBA and that anguibactin does not cross-feed S. typhimunium enb7 (1, 14) . Our results clearly showed that the V anguillarum aroC mutant was deficient in 2,3-DHBA production, because the supernatants from the wild-type strain 531A promoted the growth of enb7, whereas the supernatants from the aroC mutant 531A-QC5 did not (Table 2) . To determine whether the cloned aroC could complement the 2,3-DHBA deficiency of V. anguillarum 531A-QC5, pQC3 was introduced into 531A-QC5 by conjugation. The presence of pQC3 in 531A-QC5 enabled the transconjugant cells to grow in M9 minimal medium under iron-limiting conditions (Table  2 ). Furthermore, cell-free supernatants of 531A-QC5(pQC3) cultured in M9 minimal medium were positive by the Arnow test (Table 2) indicating that the 2,3-DHBA deficiency of the aroC mutant could be complemented with the wild-type V anguillarum aroC clone.
2,3-DHBA is a precursor in anguibactin biosynthesis. It is known that 2,3-DHBA is a precursor of enterobactin in E. coli (8) , and it has been shown that the V. anguillarum plasmidless H775-3 strain produces abundant 2,3-DHBA (1). It is thus possible that 2,3-DHBA is also a precursor in anguibactin biosynthesis. Since the V. anguillarum aroC mutant lost the ability to grow under iron-limiting conditions, we investigated whether adding 2,3-DHBA would reverse this deficiency. The aroC mutant 531A-QC5 was cultured in TSBS medium supplemented with enough EDDA (200 ,uM) to inhibit cell growth. As shown in Fig. 7 , the aroC mutant grew poorly under iron-limiting conditions, whereas it grew well when 2,3-DHBA was added to the iron-limited medium. The wild-type strain 531A harboring pPHlJI also grew well under both conditions (data not shown). This suggested that 2,3-DHBA may serve as a precursor to produce anguibactin and thus promote cell growth under iron-limiting conditions.
We next determined whether the addition of 2,3-DHBA to iron-limited medium enables the V anguillarum aroC mutant to produce anguibactin. We alone or with EDDA plus 2,3-DHBA to cross-feed different V anguillarum mutants defective in the pJM1-mediated iron uptake system. Mutants deficient in either the production of anguibactin, the receptor complex, or both were used. Figure 8 shows that supernatants from the aroC mutant 531A-QC5 cultured in TSBS medium supplemented with 100 ,uM EDDA did not promote growth of either mutant under iron-limiting conditions, whereas supernatants from 531A-QC5 cultured in TSBS medium supplemented with 100 ,uM EDDA plus 100 p.M 2,3-DHBA promoted only the growth of the receptorproficient mutant 775::Tnl-5 ( Fig. 8) , as did the wild-type strain 531A harboring pPHlJI (data not shown). This demonstrated that 2,3-DHBA can be used by the V anguillarum aroC mutant 531A-QC5 to produce anguibactin. Furthermore, we tested whether the presence of the wild-type aroC clone pQC3 in the aroC mutant 531A-QC5 enabled the cell to produce anguibactin. In this case, we performed the experiment by preparing a mixture (1:1 ratio) of the aroC mutant strain 531A-QC5 harboring pQC3 which carried the cloned aroC gene with either of the indicator strains 775::Tnl-5 (receptor proficient) or 775::Tnl-6 (receptor deficient). The results, shown in Fig. 9 , demonstrated that the original ratio of 1:1 was well conserved when 531A-QC5(pQC3) and the receptor- proficient 775::Tnl-5 were cocultured in M9 minimal medium under iron-limiting conditions. Conversely, almost 100% of the cells were 531A-QC5(pQC3) when the mixture contained the receptor-deficient 775::TnJ-6. The control alone, either 775:: Tnl-5 or 775::TnJ-6, could not grow under these conditions. This result further supported the hypothesis that 2,3-DHBA must be a precursor for anguibactin biosynthesis.
DISCUSSION
The siderophore anguibactin mediated by the pJM1 plasmid of the fish pathogen V anguillarum 775 is an important virulence factor (44) . Transposition mutagenesis analysis identified genetic regions encoding products involved in the biosynthesis of anguibactin (34, 36) . However, the specific biosynthetic genes and the pathway of anguibactin biosynthesis have not been identified as yet. Our studies showed that both hydroxamate and catechol groups are present in the anguibactin molecule (1) . Later, physical and chemical studies not only confirmed these results but also led to the elucidation of the structure of this siderophore as -N-hydroxy-[[2'-(2",3"-dihydroxy-phenyl) thiazolin-4'-yl]-carboxy]histamine (1, 18) . It is thus possible that its backbone is derived from -N-hydroxyhistamine, cysteine, and 2,3-DHBA. Both the presence of protein of 372 or 361 amino acids. There are Shine-Dalgarno sequences in front of both start codons (31) . Comparison of the deduced amino acid sequence of the V anguillarum aroC gene with those of the E. coli and S. typhi analogs suggests that the second start site in the open reading frame is used (Fig. 3) . However, this prediction can only be determined by primer extension analysis and amino acid sequencing, which are being carried out. The cloned V anguillarum aroC gene encoded a polypeptide of 40 kDa, which correlated with the predicted size from sequence analysis and is similar to that of the E. coli aroC product (9) . Northern blot hybridization demonstrated that transcription of the chromosomal aroC gene in V anguillarum is not regulated by the iron status of the cell.
By using the cloned aroC gene, we generated two mutants. One mutant was obtained by insertion of a fragment containing the Kmr gene into the Sall site mapped within the aroC gene, while the other was a deletion derivative. Both modified derivatives lost the ability to complement the aroC lesion of E. coli AB2849 and did not produce the 40-kDa polypeptide ( Fig.  1 and 4) . We then obtained a chromosomal aroC mutant (531A-QC5) of V anguillarum by allelic exchange, using the clone containing the insertionally inactivated aroC gene. This aroC mutant did not produce 2,3-DHBA, and this deficiency could only be complemented with the wild-type clone. However, it was noteworthy that this mutation also affected dramatically the ability of this derivative to grow under conditions of iron limitation, which was in turn associated with a deficiency in anguibactin production. The addition of 2,3-DHBA to the culture medium or introduction of the cloned aroC gene not only allowed for growth under iron-limiting conditions but also resulted in production of anguibactin, as determined by siderophore utilization bioassays. Therefore, these results demonstrate that 2,3-DHBA is a precursor of anguibactin.
Our previous genetic analysis of the V anguillarum anguibactin-mediated iron uptake system identified various ironregulated genetic units on the pJM1 plasmid that were responsible for anguibactin biosynthesis (34) . Our results in this work are therefore consistent with the existence in V anguillarum of a plasmid-mediated biosynthetic system which uses as a raw material the chromosome-mediated 2,3-DHBA, to build the molecule of anguibactin.
The mechanism by which 2,3-DHBA is incorporated into anguibactin is still unknown; however, we have recently found that AngR, a transactivator for anguibactin biosynthesis encoded by the pJM1 plasmid has, in addition to its regulatory function, an enzymatic activity related to the E. coli 2,3-dihydroxybenzoate-adenosine monophosphate ligase (35) . This enzyme participates in the activation of 2,3-DHBA for use in the biosynthesis of enterobactin in E. coli (28) . Therefore, an attractive possibility, which we are currently investigating, is that one of the roles of the plasmid-mediated AngR protein in V anguillarum is the activation of 2,3-DHBA for its use in the biosynthesis of anguibactin.
It has been reported that an aromatic-dependent aroA mutant of Aeromonas salmonicida, constructed by allelic replacement and whose virulence to fish was attenuated, was effective as a live vaccine against the salmonid disease furunculosis (39) . Since mutants in the production of anguibactin have already been proven avirulent (36, 41) 
